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Rhombohedral bismuth oxide has emerged as a promising SOFC electrolyte material, particularly at low-to-
intermediate temperatures. The stability window of this phase was explored using a co-doped system, using
yttrium and lanthanum or aluminum, over 7.5-25 % total dopant content and 0.907-1.154 A weighted average
dopant cationic radius. The phase transformation behavior of rhombohedral-rich phase mixtures was also
investigated in situ from 360 to 656 °C to assess the effects of minor impurity phases and thermal evolution
pathways. Our results reveal that low-dopant, rhombohedral-rich compositions exhibit poor structural stability
upon heating. Anisotropic thermal expansion behavior was observed over 450-656 °C, serving as a sensitive
indicator of sequential phase changes, including the rhombohedral fa-to-p; transition (~450 °C), monoclinic
phase formation, and delayed or incomplete formation of the cubic phase (~ 550 °C). These multiple unfavorable
phase transitions compromise the mechanical robustness required for SOFC operation. This study underscores
the need for compositional tuning to balance ionic conductivity with thermal phase stability in rhombohedral

BiyO3-based systems.

1. Introduction

Bismuth oxide-based materials are known to crystallize in several
polymorphs (Fig. 1), the formation of which is dependent on both
composition and thermal treatment. In undoped BiyOs, the stable phase
at room temperature is the monoclinic a-phase (P2;/c, SG #14 with unit
cell volume ~ 339 A®), which transforms to the tetragonal p-phase
around 650 °C (P4y/nmc, SG #137 with unit cell volume ~ 328 i\?’),
followed by a transition to the high-temperature cubic §-phase above
~730 °C (Fm 3 m, SG #225 with unit cell volume ~ 180 A%) [1-5].The
high oxide ion conductivity of the high temperature cubic &-polymorph
has resulted in this phase being extensively studied for application as a
solid oxide fuel cell (SOFC) electrolyte [1-3]. Partially substituting Bi3*
with certain metal ions, including Y3*, has successfully stabilized the
8-polymorph phase to room temperature, at minimal expense to the
ionic conductivity. [6-13]. The existence of a rhombohedral phase (R 3
m, SG #166 with unit cell volume ~ 380 10\3) in the BipO3-Y203 system
was initially identified by Watanabe and Kikuchi [14]. This is an ioni-
cally conductive hexagonal phase isomorphous to rhombohedral
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compounds formed in alkali earth doped bismuth oxides and is not a
natural polymorph of pure BiyOs. This phase was later studied via
Rietveld methods by Zhang et al. [12] and confirmed to crystallize in the
rhombohedral R 3 m space group. The rhombohedral phase is often
found when Bi** is partially substituted by large cations, such as La>*
[15-17].

Several studies have characterized the ionic conductivity of rhom-
bohedral bismuth oxides, often reporting favorable transport properties
at low to intermediate temperatures (400-700 °C) which exceed that of
the 3-phase [16-19]. However, ionic conductivity was found to vary
depending on dopant type and level, and conductivity behavior remains
complex. While conductivity is of interest and the reason for further
investigation into the rhombohedral phase, the central focus of this work
is on structural stability and phase evolution rather than electrical
performance.

By tailoring the dopant composition, any one of the rhombohedral,
cubic, tetragonal or monoclinic phases (Fig. 1) can be formed. Jolley
et al. [15] provided the first systematical study to explore the rhombo-
hedral phase stability window in terms of the dopant content and
average dopant cationic radius. They investigated sample compositions
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Fig. 1. Unit cells for the (a) face-centered cubic §-phase (the 48i anionic site is
omitted for clarity), (b) tetragonal p-phase, (c) monoclinic a-phase and (d)
substituted rhombohedral phase of bismuth oxide. Grey and red spheres
represent the cation and anion sites, respectively. The partial occupancy of all
anionic sites has been omitted for clarity. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of
this article.)

comprising La>*, Y3*, Nd®*, Ca", and Sr** dopants with total dopant
content between 6 and 10 %, representing a variation in the average
cationic dopant radius between 1.06 and 1.15 A. Mercurio et al. [20]
roughly investigated the rhombohedral phase stability window over a
significantly higher dopant content range, where several members of the
Biy03-Lny03-TeO, (Ln = La, Sm or Gd) system were found to form the
rhombohedral phase over a total dopant content range of 25-50 %,
reflecting an average cationic dopant radius range of 1.012-1.097 A.
Takahashi et al. [16] investigated the Bi;O3-SrO system and found that
the rhombohedral phase forms for 20-40 % SrO content (Sr2* ionic
radius = 1.260 1°\). Additionally, Iwahara et al. [17] investigated the
Biz03-Lny03 (Ln = La, Nd or Sm) system and found that the rhombo-
hedral phase forms with 15-28 % Lay0O3, 10-30 % Nd2Os and 30 %
Smy0s3, reflecting a variation in the average cationic dopant radius range
of 1.079-1.160 A.

In this work, the rhombohedral phase stability windows already
established [15-17,20], are further expanded by yttrium and lantha-
num/aluminium co-doping. Our focus is on understanding how
weighted average dopant cation radius and total dopant content influ-
ence phase formation, spanning broader ranges than previously re-
ported. Furthermore, we investigate the high-temperature phase
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evolution and anisotropic thermal expansion behavior of selected
rhombohedral-rich compositions using in situ synchrotron diffraction.
These investigations provide new insights into the structural stability
and thermal behavior of rhombohedral Bi»O3 systems, which are crucial
considerations for their potential application as functional materials.

2. Materials and methods
2.1. Synthesis and sample preparation

All samples were prepared by means of a citrate sol-gel process [21].
Stoichiometric amounts of Bi(NO3)3-5H0 (99.99 % pure,
Sigma-Aldrich), Y(NOs3)3-6H2O (99.8 % pure, Sigma-Aldrich), La
(NO3)3:6H20 (99.99 % pure, Aldrich) and AI(NO3)3-9H20 (99.99 %
pure, Aldrich) were dissolved in acetic acid (98 % pure, MK Chemical)
under moderate heating and stirring. Aqueous solutions were avoided to
prevent the hydrolysis of Bi®". Excess citric acid (ACS reagent, Aldrich)
was added, and the resulting mixture evaporated to form a metal com-
plex paste. The dried gel was calcined at 450 °C for 18 h, then ground
into a fine powder using an agate mortar and pestle and then annealed at
750 °C for 8 h to obtain the mixed metal oxide powders. Samples were
prepared with varying substitution concentrations and are labelled to
reflect this, for example, the 6 % Y203 + 9 % LagO3 substituted BixO3
sample is labelled as 6Y9LSB and the sample with 17 % Y303 + 3 %
Al,Os3 is labelled as 17Y3ASB.

2.2. Powder X-ray diffraction

Room temperature powder X-ray diffractograms were collected on a
Bruker D2 Phaser using iron filtered CoK, radiation (A = 1.788 A). In situ
variable temperature powder diffractograms of selected samples were
collected at beamline 28-ID-1 (A = 0.1671 10\) at the National Synchro-
tron Light Source II (NSLS-II) [22]. Samples in quartz capillaries were
heated using a hot air blower. The set temperature range of 450-850 °C
was calibrated using the NIST standard reference material 640d (silicon
powder) [23] and applying thermal lattice expansion corrections to the
temperature profile [24,25], resulting in a corrected temperature range
of 360-656 °C. Diffractograms were indexed using Bruker AXS DIF-
FRAC.EVA V4.2 and Rietveld refinement of the diffractograms was done
using Bruker AXS TOPAS-Academic Version 6 [26]. In the refinements of
the room temperature lab-based diffractograms, the instrument resolu-
tion function (IRF) [27] was determined using NIST 660a (LaBg) and was
described using the fundamental parameters approach [28] using the
full axial divergence model [29] to account for divergence-related
asymmetry of the diffraction peaks. In the refinements of the synchro-
tron in situ diffractograms, the IRF was determined using NIST 640d and
was described using the Thompson Cox Hastings (TCHZ) Pseudo-Voigt
function [30] with the divergence-related asymmetry effects described
in an empirical way using the simple axial model [27]. In each refine-
ment, the parameters refined were the scale factors, selected corrections,
and lattice parameters. Atomic positional parameters were fixed to those
published for the respective crystal structures and atomic thermal pa-
rameters were fixed to reasonable values.

2.3. Calculation of thermal expansion

The change in volume of rhombohedral BipO3 during heating is
determined using equation (1):

AV =p,VoAT (€D)]

where AV is the change in unit cell volume, g, is the volumetric coef-
ficient of thermal expansion, Vj is the initial unit cell volume and AT is
the change in temperature. In this work, g, is used to quantify the rate of
thermal expansion of rhombohedral Bi;Os. Similarly, the thermal
expansion behavior of cubic BizO3 during heating is determined using
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equation (2):

AL=aLoAT )

where AL is the change in unit cell length, ¢; is the linear coefficient of
thermal expansion, Ly is the initial unit cell length and AT is the change
in temperature. For isotropic materials, 5, = 3a; [31]. While rhombo-
hedral Bi»O3 does exhibit some anisotropy, the approximation g, ~ 3o
(a derivation of this approximate relationship is given in the supple-
mentary information) is used here to allow qualitative comparison with
volumetric expansion data reported for isotropic cubic BizOs3.

Table 1
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3. Results and discussion

3.1. Exploration of the rhombohedral phase stability window using
powder X-ray diffraction

The region in which the phase stability window for the rhombohe-
dral phase has been explored [15-17,20], in terms of the dopant content
and particularly the weighted average dopant cationic radii, is signifi-
cantly expanded utilizing a double doping methodology. The composi-
tions were selected to span a wide range of average dopant cationic radii
while maintaining isovalent substitution on the Bi>* sublattice, allowing
us to investigate how average dopant radius and chemical strain influ-
ence phase stability across a broad range. Lanthanum-yttrium and

Substituted Bi,O3 compositions, weighted average cationic radius and quantitative phase content based on Rietveld refinement.

Name Composition Average dopant cationic radius @A)

Phase content (weight %)

Cubic (Fm 3 m) Tetragonal (P 4;nmc) Rhombohedral (R 3 m)

7.5 % dopant concentration

6.5Y1ASB Bio.925Y0.065A10.0101.5 0.954
7.2Y0.3ASB Bi0.925Y0.072Al0.00301.5 1.000
5.5Y2LSB Bi0.925Y0.055L20.0201.5 1.057
3.4Y4.1LSB Bio.925Y0.034L:a0.04101.5 1.096
2Y5.5LSB Bi0.925Y0.02L20.05501.5 1122
10 % dopant concentration

8.5Y1.5ASB Bi.9Y0.085Al0.01501.5 0.946
9.5Y0.5ASB Bio.oY0.005Al0.00501.5 0.995
8.1Y1.9LSB Bip.9Y0.081L20.01901.5 1.046
4Y6LSB Bi0.9Y0.04L20.0601.5 1.104
2.5Y7.5LSB Bio.oY0.025L0.07501.5 1.125
11-13 % dopant concentration

10Y3ASB Bio.g7Y0.1Al0.0301 5 0.907
10Y2ASB Bio.88Y0.1Al0.0201.5 0.938
10Y1ASB Bi.50Y01Al0.0101 5 0.975
10Y1LSB Bio.89Y0.1L20.0101.5 1.032
10Y2LSB Bio.s8Y0.1La0.0201.5 1.043
10Y3LSB Bio.g7Y0.1La0.0301.5 1.052
15 % dopant concentration

13Y2ASB Big.85Y0.13Al0.0201.5 0.955
15YSB Bio.g5Y0.1501.5 1.019
6YILSB Bio.85Y0.06L20.0901.5 1.104
1Y14LSB Bio.g5Y0.01L:20.1401.5 1.151
17.5 % dopant concentration

15Y2.5ASB Big.g25Y0.15Al0.02501.5 0.950
17.5YSB Bio.825Y0.17501.5 1.019
13.5Y4LSB Big.g25Y0.135L.20.0401.5 1.051
7.5Y10LSB Big.g25Y0.075L20.101.5 1.100
1.5Y16LSB Bio.825Y0.015L0.1601.5 1.148
20 % dopant concentration

17Y3ASB Bio8Y0.17Al0.0301.5 0.946
19Y1ASB Bio.8Y0.10Al0.0101.5 0.995
16Y4LSB Bip.gY0.16L20.0401.5 1.047
8Y12LSB Bio.8Y0.08L20.1201.5 1.104
1Y19LSB Bio.8Y0.01L20.1901.5 1.153
22.5 % dopant concentration

19.5Y3ASB Bio.775Y0.195Al0.0301.5 0.954
21.5Y1ASB Big.775Y0.215Al0,0101.5 0.997
17.5Y5LSB Bio.775Y0.175L20.0501.5 1.050
10Y12.5LSB Big.775Y0.1La0.12501.5 1.097
1.5Y21LSB Bio.775Y0.015L20.2101.5 1.151
25 % dopant concentration

20Y5ASB Bio.75Y0.2Al0.0501.5 0.922
21Y4ASB Big.75Y0.21Al0.0401 5 0.942
22Y3ASB Bi.75Y0.22Al0.0301.5 0.961
23Y2ASB Bi.75Y0.23Al0.0201.5 0.980
24Y1ASB Big.75Y0.24Alp.0101.5 1.000
24Y1LSB Bio.75Y0.24L20.0101.5 1.025
23Y2LSB Bio.75Y0.25L0.0201 5 1.030
22Y3LSB Bio.75Y0.22L:20.0301.5 1.036
21Y4LSB Bio.75Y0.21L20.0401.5 1.042
20YSLSB Bi.75Y0.2La0.0501.5 1.047
10Y15LSB Big.75Y0.1Lap.1501.5 1.104
1Y24LSB Bio.75Y0.01L20.2401.5 1.154

0 100 0
0 100 0
30.6 69.4 0
3.0 2.2 94.8
1.6 4.3 94.1
26.7 73.3 0
18.8 81.2 0
14.7 85.3 0
3.7 2.5 93.8
3.3 8.9 87.8
28.7 71.3 0
35.4 64.6 0
50.9 49.1 0
81.8 10.8 7.4
42.6 0 57.4
16.3 0 83.7
73.2 26.8 0
69.6 31.4 0
6.4 2.8 90.8
0 2.4 97.6
84.4 15.6 0
86.7 13.3 0
7.7 1.0 91.3
3.9 3.2 92.9
0 0 100
94.6 5.4 0
97.3 2.7 0
8.2 2.0 89.8
0 4.5 95.5
0 0 100
90.4 9.6 0
92.1 7.9 0
9.7 0 90.3
3.5 0 96.5
0 0 100
100 0 0
100 0 0
100 0 0
100 0 0
100 0 0
100 0 0
89.5 0 10.5
63.0 0 37.0
21.2 0 78.8
18.0 0 82.0
0 0 100
0 0 100
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aluminum-yttrium co-doped systems were investigated where, by sys-
tematic variation of the Y:La and Y:Al ratios, fine control over average
cation radius is enabled. La®t (1.16 10\, CN = 8 where CN is the coordi-
nation number) closely matches the ionic radius of Bi®t (1.17 f\, CN=238)
[32], resulting in minimal lattice strain and promoting rhombohedral
phase stabilization. In contrast, Y°* (1.019 A, CN = 8) and especially
AI®* (0.535 A, CN = 6) [32] are significantly smaller, introducing
increased levels of lattice strain. Notably, AI** strongly favors octahe-
dral coordination, which may not be easily accommodated in the 8-fold
coordination typical of Bi" sites, potentially leading to local structural
strain which is more readily accommodated in other phases. This design
allows systematic investigation of how dopant size and structural strain
influence polymorphic phase stability, transformation pathways, and
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the persistence of metastable phases under thermal treatment.

Using a dopant concentration range of 7.5-25 %, the weighted
average dopant radius of 0.907-1.154 A was probed. Table 1 summa-
rizes the substituted Bi2O3 compositions investigated, and the associated
phase content as determined from Rietveld analysis of the X-ray dif-
fractograms (Figs. 2 and 3). Calculated diffractograms of the cubic,
tetragonal and rhombohedral phases are included for easy visual
assessment of the phases present.

At a total dopant concentration of 7.5 %, the relative dopant cationic
radius was varied between 0.954 and 1.122 A by altering the ratio of Y to
La and Y to Al (Fig. 2a and Table 1). At this dopant level, Jolley et al.
[15] predicted a pure rhombohedral phase to be present over an average
dopant radius range of ~1.10-1.14 A, but in this work a pure
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(b) 10 %, (c) 11-13 % and (d) 15 % total dopant content. K; reflections are shown

with 4 symbols. (e) Calculated diffractograms of the cubic, tetragonal and rhombohedral phases.
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Fig. 3. Room temperature diffractograms of doped bismuthates with (a) 17.5 %, (b) 20 %, (c) 22.5 % and (d) 25 % total dopant content. Ky reflections are shown
with € symbols. (e) Calculated diffractograms of the cubic, tetragonal and rhombohedral phases.

rhombohedral phase was not formed. Over the average dopant radius
range of 0.954-1.000 A, using Y and Al dopants, a pure tetragonal phase
was present. The Rietveld analysis of the 7.2Y0.3ASB sample is given in
Fig. 4a as an example. At an average dopant radius of 1.057 A, using Y
and La as dopants, a cubic and tetragonal phase mixture was present and
over the range of 1.096-1.122 f\, rhombohedral-rich phase mixtures,
comprising both cubic and tetragonal phases in minor quantities, were
evident. The Rietveld analysis of the 2Y5.5LSB sample is given in Fig. 4b
as an example of the rhombohedral-rich phase mixture.

The rhombohedral phase window was similarly investigated at a
significantly higher dopant concentration of 25 % (Table 1). Over an
average dopant radius range of 0.922-1.025 A the pure cubic phase was
present, and the Rietveld analysis of the 20Y5ASB sample is illustrated in
Fig. 5a. Between 1.030 and 1.047 A, for samples doped with Y and La,
cubic and rhombohedral phase mixtures were present, and

rhombohedral phase content increased with increasing average cationic
dopant radius. The Rietveld analysis of the 22Y3LSB sample is shown in
Fig. 5b. Between 1.104 and 1.154 i\, for samples also doped with Y and
La, pure rhombohedral phase was present and the Rietveld analysis of
the 1Y24LSB sample is given in Fig. 5c. The rhombohedral phase pres-
ence over this range somewhat coincides with the rhombohedral phase
stability window established by Iwahara et al. [17].

In the region between these two extremes, the rhombohedral phase
window was further investigated from 10 to 22.5 % total dopant con-
centration over an average dopant cationic radius range of 0.909-1.153
A (Table 1). Over this wide range, phase mixtures were almost entirely
present. Pure rhombohedral phase was only present at an average
dopant radius of approximately 1.15 A (the maximum radius investi-
gated in this work) in the 17.5-22.5 % total dopant range. Notably, at
10 % total dopant concentration Jolley et al. [15] predicted pure
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rhombohedral doped BiyOs to be present over an average dopant
cationic radius range of ~1.065-1.14 A, using Y and La as dopants. In
this work over the same range, phase mixtures were evident with the
rhombohedral phase being dominant. The Rietveld analysis of the
2.5Y7.5LSB  sample clearly shows the presence of a
cubic-tetragonal-rhombohedral phase mixture at 10 % total dopant
content and an average dopant cationic radius of 1.125 AinFig. 5d. The
stabilization of different BioO3 polymorphs is governed by the average
cationic radius, total dopant level and preferred dopant coordination
number. Small, rigid cations like AP, which favor low coordination
numbers (4-6) [32], tend to introduce local lattice contraction and
reduce structural flexibility, thereby promoting stabilization of the
high-symmetry cubic phase. In contrast, larger dopants such as La>* or
Y3+ which favor higher coordination numbers (7-9) [32], are more
compatible with the coordination environment of Bi®*. This compati-
bility permits local distortions and anisotropic bonding, enabling the
stabilization of lower-symmetry rhombohedral or tetragonal phases.
Thus, the dopant’s ability to accommodate distorted coordination ge-
ometries, reflected in both ionic size and coordination number, plays a
central role in determining the sequence and stability of phase transi-
tions in doped Bi»O3 systems. We see a clear example of this at 25 % total
dopant concentration where high AI** content results in exclusive for-
mation of the cubic phase across an average dopant ionic radius of
0.922-1.000 A. At the same dopant level, La®* content strongly favors
formation of the lower symmetry rhombohedral phase (Table 1). Simi-
larly, at 11-13 % total dopant concentration, over an average dopant
cationic radius of 0.907-1.052 A, we observe increasing AI>* content to
promote the formation the tetragonal phase while increase La>* content
favors the lower symmetry rhombohedral formation.

The rhombohedral phase stability window established in this work
only somewhat coincides with that established by Iwahara et al. [17]
(Fig. 6). Takahashi et al. [16] used Sr as a dopant which resulted in a
significantly higher average dopant cationic radius region than consid-
ered here. Mercurio et al. [20] also studied significantly higher total
dopant concentrations in comparison to that investigated in this work,
however, they did report pure rhombohedral phase at 25 % dopant
concentration and average dopant radius of ~1.05 A using La and Te as
dopants. In this work, for the same dopant level and average dopant
cationic radius, only 82 % rhombohedral phase was present when using
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La and Y as dopants (Fig. 6 and Table 1). As mentioned, the rhombo-
hedral phase stability window established by Jolley et al. [15] did not
match the findings in a similar region in this work despite La and Y
dopants being used in both cases. These discrepancies are likely due to
the varying synthetic methodologies utilized. In this work, a soft
chemical citrate gel technique was used to synthesize material pre-
cursors which were calcined at 450 °C and then annealed at 750 °C in air
to yield the final material. Jolley et al. [15] employed a standard solid
state synthesis route with both calcination and subsequent sintering
done at 800 °C in air. Takahashi et al. [16] also employed a solid state
synthesis technique, calcining at 700-800 °C and subsequently sintering
between 800 and 1000 °C in air (compositionally dependent sintering
temperature). Similarly, Iwahara et al. [17] used a solid state synthesis
technique, with calcination at 800-1100 °C and subsequent sintering
between 850 and 1150 °C in air (compositionally dependent sintering
temperature). Although Mercurio et al. [20] also did solid state syn-
thesis, there were a few key differences. The individual metal oxides
were initially annealed at 800-900 °C for 24 h in a pure nitrogen at-
mosphere. Thereafter, powder samples were annealed for 24 h at 800 °C
and then either air quenched or allowed to slowly cool to room tem-
perature. These variations in the synthetic methodology are likely
responsible, at least in part, for the observed differences in the phase
stability window of the rhombohedral phase.

3.2. In situ phase transformation behavior of 2Y5.5LSB and 2.5Y7.5LSB

Rhombohedral doped Bi;Os materials have demonstrated promising
ionic conductivity at temperatures suitable for intermediate-to-low
temperature SOFCs electrolytes [15,17,20]. For such applications,
high structural stability during thermal cycling is essential, as well as
exhibiting a low, and ideally linear, rate of thermal expansion. Two
materials, 2Y5.5LSB and 2.5Y7.5LSB, were investigated in this work
over the temperature range of 360-656 °C. These compositions have the
lowest total dopant content within the studied range, which is typically
considered favorable for maximizing ionic conductivity [15], but they
merely produce rhombohedral-rich phase mixtures (94 % and 88 %
rhombohedral for 2Y5.5LSB and 2.5Y7.5LSB, respectively) at room
temperature (Table 1, Fig. 4b and 5d). The thermal behavior of these
heterogeneous samples was investigated both to evaluate the stability of
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the rhombohedral phase and to understand how coexisting minor phases
evolve, interact, or transform upon heating. This approach offers in-
sights into the thermal robustness of rhombohedral-rich materials,
where phase purity could be compromised due to thermal cycling or
where impurity phases are below the detection limit, especially when
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laboratory-based X-ray diffractometers are used.

Upon heating from room temperature to 360 °C, the 2Y5.5LSB ma-
terial (with initial phase composition of 94.1 % rhombohedral, 4.3 %
tetragonal and 1.6 % cubic (Table 1)), exhibited unchanged rhombo-
hedral phase content while 5.9 % tetragonal phase content was observed
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Fig. 7. (a) Diffractograms of the 2Y5.5LSB sample collected at ~7 °C intervals over the temperature range of 360-656 °C with (b) complex phase transitions
indicated over the Q range of 1.7-2.6 A and (c) phase content variation over 360-656 °C. (d) Diffractograms of the 2.5Y7.5LSB sample collected at ~7 °C intervals
over the temperature range of 360-656 °C with (e) complex phase transitions indicated over the Q range of 1.7-2.6 A and (f) phase content variation
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(Fig. 7a—c). If trace cubic phase content remained, it was below the
detection limits of the measurements. On further heating, the
rhombohedral-tetragonal phase mixture was maintained until ~440 °C
when a monoclinic phase (P2;/c, SG #14 with unit cell volume ~ 339
A®),1CSD: 15072) additionally formed, coinciding with a slight decrease
in rhombohedral phase content indicative of a rhombohedral-to-
monoclinic phase transformation. The monoclinic phase content
increased sharply from ~525 °C and peaked at ~540 °C, which coin-
cided with a sharp decrease in rhombohedral phase content and a minor
increase in cubic phase content. The Rietveld analysis at ~545 °C,
showing the individual phase contributions to the overall fit, is pre-
sented in Fig. 8. Above ~550 °C the monoclinic phase content decreased
sharply and was no longer present by ~625 °C. From ~550 °C, there was
a sharp decrease in the rhombohedral phase content and a corre-
sponding sharp increase in cubic phase content representing the
rhombohedral-to-cubic phase transition. Similarly, Jolley et al. [19]
reported that Big gLag gs51Y0.01401.5 undergoes a rhombohedral-to-cubic
phase transition at temperatures above 580 °C. Additionally, above
~550 °C the tetragonal phase was no longer detected and by 656 °C the
material was predominantly cubic with trace rhombohedral phase
content of ~1.8 %.

For the 2.5Y7.5LSB material at 360 °C, 88.9 % rhombohedral and
11.1 % tetragonal phase content was present (Fig. 7d—f) compared to
87.8 % rhombohedral, 8.9 % tetragonal and 3.3 % cubic phase content
at room temperature (Table 1), likely indicating cubic-to-tetragonal
phase conversion. On further heating (Fig. 7e and f), the
rhombohedral-tetragonal phase mixture was maintained until ~450 °C
with a slight increase in tetragonal phase content and corresponding
decrease in rhombohedral phase content. From ~450 °C gradual
monoclinic phase formation was observed, reaching a maximum at
~550 °C. This formation coincided with a decrease in tetragonal and
rhombohedral phase content, with the tetragonal phase disappearing by
~560 °C. For both compositions, it appears that a direct rhombohedral
to monoclinic phase transformation occurred during heating, a phe-
nomenon that has not been reported before. Above ~550 °C, the
monoclinic phase content decreased sharply and plateaued at trace
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quantity level until ~656 °C. The onset of the rhombohedral-to-cubic
phase transition was observed at ~550 °C. For 2.5Y7.5LSB (with a
total dopant concentration of 10 %), a mixture of cubic, rhombohedral,
and monoclinic phases was detected at ~656 °C (Fig. 7f), in contrast to
the phase transition behavior of 2Y5.5LSB (with 7.5 % total dopant
concentration) shown in Fig. 7c.

While the overall phase change behavior is similar across both
compositions, subtle differences exist which stem from a combined ef-
fect of both total dopant concentration and average dopant cationic
radius. The higher total dopant content of 2.5Y5.5LSB is expected to
enhance the overall phase stability of the system. Additionally, the
larger average cationic radius of 2.5Y7.5LSB is also expected to intro-
duce greater lattice strain. Together, these features likely favor (ther-
modynamically and kinetically) the persistence of the lower-symmetry
rhombohedral and monoclinic phases. This contrasts with 2Y5.5LSB,
which undergoes a cleaner and more complete transition to the cubic
phase by 656 °C due to its lower dopant level and reduced internal
strain.

3.3. Thermal expansion behavior of 2Y5.5LSB and 2.5Y7.5LSB

The thermal expansion behavior of specifically the rhombohedral
phase of 2Y5.5LSB and 2.5Y7.5LSB was monitored from 360 to 656 °C
(Figs. 9 and 10, respectively). Based on the rhombohedral crystal
structure, this was done by monitoring changes in the unit cell volume,
as well as in the a and c directions of the unit cell. Changes in these cell
parameters were found to correlate with various phase changes for both
materials. Similar behavior has been observed by Thrall et al. [33] for
BiFeOs, Struzik et al. [34] for Bij4YO255 and Borowska-Centkowska
et al. [35] for Bi;4WOog4.

For 2Y5.5LSB, the volumetric expansion (Fig. 9a) and expansion in
both the a and ¢ directions (Fig. 9b) is linear between 360 and 450 °C. At
~450 °C, there is an abrupt increase in rhombohedral unit cell volume,
along with abrupt expansion and contraction in the ¢ and a directions,
respectively. The expansion in the ¢ direction dominates and results in
the overall increase in unit cell volume. This anisotropic distortion
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coincides with the formation of the monoclinic phase from ~450 °C
suggesting that structural instability at this transition point promotes the
formation of a lower symmetry phase. Additionally, a distinct separation
of the (009) and (104) reflections for the rhombohedral phase (Fig. 9¢) is
observed. This peak separation was previously reported by Payzant et al.
[36] for rhombohedral Bi; ¢Srg 2026 and attributed to a f2-to-p; rhom-
bohedral phase transition. This transition does not alter the symmetry of
the structure but involves an abrupt expansion in the c axis direction due
to the relaxation of bonds parallel to the c¢ axis. High temperature
neutron diffraction experiments by Mercurio et al. [37] reported that
this phenomenon is due to the migration of oxygen ions into planes
normal to the c axis. Payzant and King [38] later showed that for
rhombohedral (BizO3)1.x(SrO)x (x = 0.18-0.40) there is also an abrupt
increase in the a parameter corresponding to the f2-to-f; phase transi-
tion, although this discontinuity is far less prominent in comparison to
that in the ¢ direction. Mercurio et al. [37] and Conflant et al. [39,40]
also showed that the f2-to-p; phase transition can be directly observed
from peak shifts in variable temperature diffractograms, emanating
from the abrupt increase in lattice dimensions. As such, the separation of
the (009) and (104) reflections and increase in the ¢ parameter noted can
be attributed to the po-to-f; phase transition starting at ~450 °C,
although the simultaneous contraction of the a parameter was not pre-
viously observed (Fig. 9b). This could be an effect of the lower symmetry
monoclinic phase formation which coincides with the p,-to-f; phase
transition. Additionally, the onset of the By-to-p; phase transition for
2Y5.5LSB is observed at a much lower temperature (~450 °C) compared
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to ~650 °C for Bio,758r0_2501,375 [37], ~600-710 °C for (BizOg)l_x(Sro)X
x 0.18-0.42) [38], ~735-740 °C for Bij5Cap25025 [39] and
~530-610 °C for Big g44Bag 15601.422 [40]. Payzant and King [38] also
reported the dependance of the transition temperature on dopant con-
centration level for rhombohedral phase pure (Biz03);x(SrO)x (x =
0.18-0.42) synthesized via conventional solid-state methods. The tran-
sition temperature decreased with decreasing dopant content below x =
0.28, however, they did not investigate compositions below x = 0.18.
The low transition temperatures observed for 2Y5.5LSB with 7.5 %
dopant content (and 2.5Y7.5LSB with 10 % dopant content as discussed
below) thus agree with this general trend. These materials are also
complicated by the fact that they contain two dopants and are mixed
phase materials, factors which may contribute to the lower transition
temperatures observed.

Between ~470 and 575 °C, another linear volumetric thermal
expansion region is observed (Fig. 9a) despite there being another
abrupt change in the individual lattice parameters at ~523 °C. This
involves an expansion and simultaneous contraction in the a and c di-
rections, respectively (Fig. 9b), which result in a negligible effect on the
overall unit cell volume. These abrupt changes coincide with rapid
growth of the monoclinic phase (to its maximum content), a sharp
decrease in the rhombohedral phase and the onset of the cubic phase
(Fig. 7c). The increase in monoclinic phase content likely enables the
strain of the rhombohedral phase to be relieved, resulting in the c-di-
rection contraction and a-direction expansion. Similarly, on further
heating to ~575 °C another abrupt change in the expansion and
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Notably: rhombohedral f,-to-f; transition at ~450 °C causes a contraction and ¢ expansion and an intermediate monoclinic polymorph formation is observed

from ~450 °C.

contraction rates in the a and ¢ directions, respectively, is indicative of
the rapid growth of the cubic phase and simultaneous reduction of the
rhombohedral and monoclinic phases. Boivin and Thomas [41] reported
the rhombohedral to cubic phase transformation of Big g51Sr0.14900.676
to occur at ~690 °C. This transformation occurred in a lower tempera-
ture range for 2Y5.5LSB (and 2.5Y7.5LSB as discussed below), again
attributed to lower total dopant concentration and strain, the use of
multiple dopants and the presence of multiple phases.

Further thermal expansion with abrupt changes in the a and ¢ di-
rections are observed on heating to ~611 °C, corresponding to the rapid
disappearance and formation of the rhombohedral and cubic phases,
respectively. Above ~611 °C, lattice parameters are less accurate due to
the low rhombohedral phase content (<5 %, depicted with open
markers in Fig. 8a and b). At 656 °C, the 2Y5.5LSB material comprised
98.2 % cubic and 1.8 % rhombohedral phase content.

It is thus seen that the anisotropic thermal expansion behavior of the
rhombohedral phase is indicative not only of the f,-to-p; phase transi-
tion, but also of the various other polymorphic phase transformations
which occur during heating. This anisotropic thermal expansion points
to a concerted system where the rhombohedral phase transforms to a
lower symmetry monoclinic phase to relieve strain and subsequently
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transitions towards the high symmetry cubic configuration at elevated
temperatures. There are three overarching linear volumetric thermal
expansion regions (Fig. 9a) corresponding to (i) the region where the
rhombohedral phase is dominant and the other phases are minimal, (ii)
the region where there are drastic changes in the phase composition and
(iii) the region where the cubic phase is dominant and only minor
amounts of rhombohedral phase are present. This does not, however,
reflect the complexity of the deformation of the unit cell due to expan-
sion and contraction in the a and c directions. However, with lattice
parameter ¢ being approximately seven times that of a and larger
changes occurring in the c¢ direction, the ¢ parameter dominates.
Although the volume of the unit cell is different in the 3 regions, the rate
of volumetric thermal expansion f, is very similar throughout Fig. 9a.
For 2.5Y7.5LSB, a very similar behavior was observed with the same
transformations taking place in very similar temperature ranges as seen
in Fig. 10. However, at 656 °C, the material is only comprised of 79.4 %
cubic phase, with the rhombohedral (18.1 %) and monoclinic (2.5 %)
phases constituting the rest (Fig. 7f). This enables a more accurate
determination of the cell parameters of the rhombohedral phase in the
highest temperature range. Additionally, this emphasizes the combined
effect of increased strain and higher dopant level increasing the stability
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of lower symmetry phases and providing a stronger resistance towards
cubic ordering. In this case, the cell parameters in region (iii) of Fig. 10a
are similar to those in region (ii), but a slight deviation in the slope still
results in three distinct regions with different rates of thermal expansion
which are linked to the phases present.

The volumetric coefficients of thermal expansion g, derived for
2Y5.5LSB and 2.5Y7.5LSB over 360-656 °C are comparable to the
equivalent volumetric thermal expansion determined for cubic 22.5YSB
over 589-769 °C [42]. The linear coefficient of thermal expansion q; of
§-22.5YSB was found to be ~27.1 x 10°® K'! which can be approximated
into a volumetric coefficient of thermal expansion f, of ~81.3 x 100K’}
(as described in Section 2.3 and in the Supplementary Information [31]).
This similarity in the rate of volumetric thermal expansion is noteworthy
and illustrates that while anisotropic thermal expansion was observed
for the rhombohedral phases, the overall rate of volumetric thermal
expansion is comparable to that of an analogous cubic bismuth oxide.

4. Conclusion

The phase stability window of rhombohedral doped BixO3 was
investigated in terms of a wide range of dopant concentration (7.5-25
%) and weighted average cationic dopant radius (0.907-1.154 A).
Combining this work with that found in literature [15-17,20], it was
seen that the rhombohedral phase could be stabilized in the lower
dopant concentration range (~7.5-25 %) provided the average dopant
radii is high enough (>~1.07 A), and at slightly lower average dopant
radii provided the dopant concentration is high enough (>~25 %),
depending on the dopant identity. However, discrepancies were found in
the regions (dopant concentration vs average dopant radii) where a pure
rhombohedral phase was detected. These discrepancies indicate that the
nature of the dopant cation and the synthetic methodology used both
contribute significantly towards the stabilization of rhombohedral
Bi203.

Investigating the in situ phase transformation behavior when heating
rhombohedral-rich phase mixtures illustrated, for the first time, the
complex phase transformations that occur and showed how these
transformations are correlated to the anisotropic thermal expansion
behavior of the rhombohedral phase. Although these transformations
are undesirable in materials for SOFC applications, this study provides
insight into mixed phase systems, be it as synthesized materials (as is the
case here) or mixed phases from the degradation of a pure rhombohedral
phase. For tetragonal plus rhombohedral-rich mixed phase materials
with 7.5 % and 10 % total dopant concentration, partial transformation
to an intermediate monoclinic polymorph was observed, which has not
been reported before. This monoclinic phase formation precedes the
formation of the cubic phase together with further rhombohedral-cubic
phase transitions. Additionally, abrupt changes in the rhombohedral
phase unit cell volume and separation of the (009) and (104) peaks of
the rhombohedral phase at ~450 °C were found to be indicative of the
fB2-to-p; rhombohedral phase transformation for both 2Y5.5LSB and
2.5Y7.5LSB. This transformation resulted in abrupt expansion and
contraction in the ¢ and a directions, respectively, and coincided with
the formation of the monoclinic phase. The contraction in the a direction
during the po-to-f; phase transformation is reported for the first time in
this work and likely reflects the strain-relieving formation of the
monoclinic phase. Additional anisotropic thermal expansion behavior
over 500-656 °C was found to coincide with the various phase transi-
tions which occur, such as the rhombohedral-cubic transformation
which exhibits an onset temperature of ~550 °C. The overall anisotropic
expansion behavior reflects a dynamic system where phase trans-
formation and anisotropic expansion reflects the mitigation of strain by
the system as it transitions towards the high order cubic phase. These
results demonstrate that high La doping promotes stable rhombohedral
phase formation, while lower dopant levels lead to undesirable phase
transitions. To enhance phase stability under SOFC conditions, we
propose that rhombohedral compositions should target high La
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substitution (>17.5 %), maintain a high La:Y ratio, and minimize Al
content to preserve a high average dopant cationic radius (>1.10 A).
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